Drug-resistant epilepsy remains a significant health-care burden. The most effective treatment is surgery, but this is suitable for very few because of the unacceptable consequences of removing brain tissue. In contrast, gene therapy can regulate neuronal excitability in the epileptic focus whilst preserving function. Optogenetics and chemogenetics have the advantage that they are titratable therapies. Optogenetics uses light to control the excitability of specific neuronal populations. Optogenetics can be used in a closed-loop paradigm in which the light is activated only when seizures are detected. However, expression of foreign proteins raises concerns about immunogenicity.
Introduction
Gene therapy was first conceived as the replacement of a defective gene, using active or inactive viruses or virus-like particles carrying the "healthy" DNA (Friedmann and Roblin, 1972) . However, the conditions for which such an approach is suitable are individually relatively rare. Moreover, initial clinical trials resulted in deaths from the (re)activation of the virus used as the vector or immune reactions against the viral vector (Romano, 2006) , and this held back gene therapy development. However, advances in viral vector technology have enabled safe and effective methods of transfecting cells, and this has led to an explosion of gene therapy trials.
ClinicalTrials.gov lists over 2000 active or completed gene therapy trials and such therapy has expanded from replacing defective genes to overexpressing or "knocking down" healthy genes in order to treat disease. Nevertheless, gene therapy in diseases of the central nervous system has lagged behind treatment of other organs, with only a handful of therapies in clinical trials -most aimed at monogenic brain or spinal cord diseases. Nevertheless, trials for Parkinson's disease go back over 10 years, but all, thus far, have had limited success (Olanow, 2014) .
Epilepsy would seem an ideal condition for gene therapy. Approximately 30-40% of people with epilepsy are drug-resistant, and new drugs have had little impact on this number . Because refractory epilepsy is often focal (Semah et al., 1998) , the best hope for an effective treatment is resective surgery. However, this is suitable for fewer than 5% (Lhatoo et al., 2003) , mainly because of concerns regarding the adverse effects of such surgery (Fois et al., 2016; Jetté et al., 2016) .
The canonical view is that focal seizures are generated by an imbalance of excitation and inhibition (Wiechert and Herbst, 1966) , and that redressing that imbalance will prevent seizure generation (however see section XX below). Gene therapy could, therefore, represent an alternative to resective surgery, so that the behavior of neurons in the focus is modified to prevent seizures without disrupting physiological function. This would be ideally suited to foci that are not presently resected because of involvement of eloquent cortex (cortex necessary for crucial functions such as movement, vision and speech). Moreover, gene therapy could be applied to a more distributed network, perhaps even improving upon the success rate of epilepsy surgery (Tracy and Doucet, 2015) . Gene therapy in epilepsy has yet to translate to clinical trials, although a number of strategies have been shown to be effective in preclinical models. These strategies have mostly consisted of overexpressing inhibitory peptides such as galanin or NPY (Haberman et al., 2003; Noè et al., 2008; Woldbye et al., 2010) or dampening neuronal excitability in principal cells using overexpression of potassium channels Wykes et al., 2012) .
These therapies consist of injection of the vector into the focus where the gene of choice is then expressed in specific cell types depending upon the tropism of the vector and the promoter used.
Although some of these approaches are ripe for clinical translation , they are hampered by problems of dose. Once the therapy has been given, the gene dose, expression of that gene and the distribution of the transfected cells are fixed. This could potentially lead to underor over-dosing. A potential solution to this problem is to express proteins that can be regulated by drugs or light, using chemogenetics or optogenetics. In this way, the therapeutic effect can be adjusted in order to achieve an optimal degree of modulation of circuit excitability. If a deleterious effect on normal brain function is seen, the ligand (drug or light) can be discontinued. Conversely, if a therapeutic effect is only required for a defined duration, for instance in patients who experience clusters of seizures, the ligand can only be used when required. A further application of chemogenetic and optogenetic treatment is couple delivery of the ligand in closed loop to the detection of a seizure or electrographic signature of an impending seizure. We consider the tools available to implement such treatments below, as well as a further application of chemogenetics that responds to an endogenous ligand, obviating the need for an exogenous drug or light-delivery device.
Viral vectors and promoters
The growth of gene therapy in medicine has been largely driven by the development of safe and effective means of gene delivery. This has predominantly centred around viral vectors. Viruses have evolved to be incredibly effective carriers of genetic material that can infect cells, "hijack" cellular machinery to transport their DNA to the nucleus or use their RNA as a template to make DNA, and then replicate within the cell. Viruses consist of a protein capsid and, in some, a lipid envelope, and the cargo (the viral DNA or RNA). Viral vectors have the genetic instructions for replication removed and replaced with a desired cargo, typically in order to express or overexpress a specific gene(s) within the cell (Choudhury et al., 2017; Simonato et al., 2013) . Viral vectors can also be used to deliver non-coding RNA or gene-editing machinery, but these applications will not be considered further here.
Vectors differ depending on whether they carry DNA or RNA with a reverse transcriptase and on their capsid/envelope (Hudry and Vandenberghe, 2019) . Early viral vectors were derived from adenoviruses which can carry a large amount of genetic material, but the adenovirus capsid is particularly immunogenic, contributing to adverse events in clinical trials (Wilson, 2009) . Currentlyused viral vectors lack immunogenicity and in neurological disease, adeno associated viruses (AAV, a single stranded DNA virus), lentiviruses (an RNA virus with reverse transcriptase) and herpes simplex viruses (HSV, a double stranded DNA virus) are the basis for most of the vectors used (Choudhury et al., 2017; Simonato et al., 2013) . AAV vectors do not have a lipid envelope but the capsid has very low immunogenicity. The capsid binds to a cell surface receptor and different AAV serotypes bind to different cell surface proteins and so have tropism for different cell types within the CNS (Davidson et al., 2000) . AAV-delivered DNA forms episomes and minimally integrates with host DNA (Hudry and Vandenberghe, 2019) . Depending upon serotype, they can spread to differing extents and they can even be given peripherally crossing into the brain across the blood-brain barrier (Foust et al., 2009) or where there is a deficit in the blood-brain barrier (such as induced by seizures or artificially with focussed ultrasound) (Gray et al., 2010; Stavarache et al., 2018) . Extensive research on recombinant capsids has led to the development of AAV variants with other properties, such as the ability to cross the blood-brain barrier when administered systemically (Hudry and Vandenberghe, 2019) . Neutralising antibodies against AAVs can be triggered by exposure to therapeutic AAVs, and some humans have pre-existing antibodies. However, this appears to be less important in determining the efficacy of AAVs to deliver transgenes in the CNS than in other tissues (Hudry and Vandenberghe, 2019) . AAVs would seem the ideal vectors for the CNS, except that they can only carry a small amount of genetic material (4.5kb). Lentiviruses can carry up to 9kb. They have a lipid envelope and this property together with their size (approximately 100 nm, compared to 20 nm for AAV) severely restricts the extent of spread of lentiviruses following injection into the brain (Choudhury et al., 2017) . This could be an advantage when the target is very close to regions that are critical for normal brain functions.
Most lentiviruses lead to integration into the host genome and there is, in principle, a risk of insertional mutagenesis. However, whether this limits their use in the CNS is unclear because neurons are post-mitotic. There are also, now, non-integrating lentiviruses which lead to stable expression of DNA that remains as episomes, so avoiding this theoretical risk (Yáñez-Muñoz et al., 2006) . Lastly, there has been increasing preclinical use of HSV vectors. These are even larger (200 nm), and exist as replicating, replication-deficient and amplicon vectors (lacking all but the packaging viral DNA) (Simonato et al., 2013) . The replication and replication-deficient vectors are potentially cytotoxic, although novel strategies are being developed to overcome this (Artusi et al., 2018) . The HSV amplicon has a lipid envelope, is strongly neurotropic, and forms episomes. Its main advantage is the ability to carry up to 150kb DNA (Choudhury et al., 2017) . One of the main disadvantages are difficulties in amplicon production with cross-contamination from helper viruses, potentially leading to cytotoxicity and immunogenicity (Artusi et al., 2018) .
Having chosen a suitable vector, it is necessary to choose the promoter. This will largely determine the cell type in which there is expression. In addition, different promoters will generate different degrees of expression. Although high levels of protein expression would seem desirable, high levels of protein expression can be cytotoxic, and a suitable balance needs to be struck. Nonspecific promoters such as the CMV (cytomegalovirus) promoter or the synthetic CAG promoter based on the chicken beta-actin gene promoter with a CMV enhancer can drive high levels of gene expression, whilst many of the cell specific promoters are much weaker (Fitzsimons et al., 2002) .
The elongation factor-1 (EF-1) promoter is used widely to achieve intermediate levels of expression, whilst the human synapsin (hSyn) promoter is useful to restrict expression to neurons (Kügler et al., 2003) . The CaMKII promoter is a reliable promoter for driving expression in forebrain and hippocampal excitatory neurons Yaguchi et al., 2013) .
Restricting expression to inhibitory interneurons can be achieved using the mDlx enhancer (Dimidschstein et al., 2016) , although, alone, it is not specific to interneuronal subtypes.
Optogenetics
Francis Crick's wish that there "would a method by which all neurons of just one type could be inactivated, leaving the others more or less unaltered" (Crick, 1979) was realised by Gero Miesenböck, whose laboratory first genetically expressed opsins in specific groups of neurons to alter fly behavior (Lima and Miesenböck, 2005) . Later, Karl Deisseroth and Ed Boyden used Channelrhodopsin2 (ChR2), a blue light-activated cation channel derived from algae ( Fig. 1 ) (Nagel et al., 2003) , to excite specific subsets of mammalian neurons with millisecond precision (Boyden et al., 2005) . These opsins depend upon the transfected cell producing the chromophore retinal, which binds to the opsin (Nagel et al., 2003) ; it was surprising that neurons synthesized sufficient retinal for this strategy to work. However, the establishment of these methods led to an explosion of opsin development, including the use of opsins from archaea ( Fig. 1 ) -halorhodopsin (NpHR, a hyperpolarizing chloride pump) (Zhang et al., 2007) and archaerhodopsin (a hyperpolarizing proton pump) (Chow et al., 2010) -and alterations to opsins so that they responded to different wavelengths of light or had different kinetics. Channelrhodopsins have also been altered to operate as bistable (step-function) channels requiring light to switch them from one state to another, so that continuous light administration is unnecessary to maintain a current (Berndt et al., 2009 ). More recently, ChR2 has been engineered to have an anion conductance and so to act as an inhibitory channel (Berndt et al., 2014) .
Optogenetics would seem an ideal means of regulating epileptogenic circuits as, using these tools, it is possible to regulate selectively inhibitory or excitatory neuronal behavior. The most appealing strategies are to excite inhibitory neurons with a cation-permeable opsin such as ChR2 or to inhibit excitatory neurons with an anion-permeable opsin such as NpHR.
The first successful "treatment" of in vitro seizure activity was through the activation of NpHR expressed in excitatory cells in the hippocampus using a lentiviral vector and the CaMKII promotor, limiting expression of NpHR to excitatory neurons (Tønnesen et al., 2009 ). These results were reproduced in an in vivo model of continuous motor seizure activity (modelling the human condition epilepsia partialis continua) (Wykes et al., 2012) . These seizures are particularly resistant to systemic drug treatment, yet activation of NpHR in the focus inhibited seizure activity (Wykes et al., 2012) . These studies provided the first proof-of-principle of the potential of optogenetics as a therapy in epilepsy.
Optogenetics has not only given us a new treatment approach but also a way of dissecting out the networks generating and regulating seizure activity. In a neocortical stroke model, inhibiting thalamocortical neurons with NpHR stopped spike-wave discharges in the cortex (Paz et al., 2013) , and in a model of limbic epilepsy, either inhibiting excitatory neurons with NpHR or activating parvalbumin-expressing interneurons with ChR2 inhibited hippocampal seizures (Krook-Magnuson et al., 2013) . Limbic seizures could also be modulated by stimulating relatively remote structures such as the cerebellum with optogenetics (Krook-Magnuson et al., 2014) . Indeed, optogenetics offers a much more precise way to modulate neurons within a brain area. Current electrical methods of brain stimulation in epilepsy not only affect excitatory and inhibitory neurons indiscriminately within an area but also can antidromically recruit neurons distant from the stimulation area and can affect axons nearby. High stimulation frequencies, moreover, can silence a network through a variety of mechanisms. It is not surprising, therefore, that the mechanisms underlying the efficacy of many forms of brain stimulation in epilepsy are incompletely understood, and present brain stimulation protocols are sub-optimal (Boon et al., 2009) . Optogenetics gives us the opportunity of addressing these problems and of developing more precise means of brain stimulation.
However, from a translational perspective, the most exciting aspect of optogenetics is the ability to use a closed loop system in which an implanted EEG device detects the beginning of the seizure which triggers a light-emitting device, activating the opsin expressed within specific classes of neurons. Such closed systems have been used successfully to halt seizure activity using intracranial and transcranial electrical stimulation (Berényi et al., 2012; Morrell and RNS System in Epilepsy Study Group, 2011) , but these lack the specificity available to optogenetic approaches.
Closed-loop optogenetic approaches have been successfully used to halt seizure activity in the cortex by inhibiting thalamocortical neurons, and in the hippocampus by inhibiting local pyramidal cells, exciting local parvalbumin-containing interneurons, or activating remote cerebellar Purkinje cells (Krook-Magnuson et al., 2014 Paz et al., 2013) .
Such an on-demand tool that can rapidly alter network activity would seem an ideal method to treat paroxysmal rapid changes in network behavior characteristic of seizures, but significant problems are emerging. These fall into three categories: practical problems, biological problems and functional problems. There is the purely practical problem of getting the gene therapy, light source and electrodes into the appropriate places in the brain. Light is both absorbed and scattered (the degree depending upon wavelength) in the brain, so that light energy rapidly decreases with distance from the source, limiting the volume of brain in which opsins can be activated. Solutions to this problem have mainly consisted of modifying the design of LEDs and lasers, as well as optical fibers, but these are invasive, require electrical circuits that may fail, and can heat the tissue if not appropriately calibrated (Owen et al., 2019) . Moreover, even small degrees of tissue heating can affect neuronal behaviour (Owen et al., 2019) . The reliable detection of seizures also remains a problem, although an ever-expanding number of solutions are being developed (Baldassano et al., 2017) . The rapid detection of seizures is necessary, not least because, as seizures progress, they involve larger and more distributed networks and so are unlikely to be stopped by targeting a small volume of brain. Biological problems largely center around the fact that the opsins that are used in optogenetics are foreign proteins and long-term expression of foreign proteins in the brain raises the concern of immunogenicity. The brain has traditionally been considered to be immunoprivileged, but the discovery of a range of CNS diseases associated with autoantibodies to membrane proteins has largely challenged this concept (Carson et al., 2006) , and the ethics of introducing a foreign protein into the brain are a significant hurdle. Lastly there are the functional problems. Optogenetics has opened up not only a route to novel treatments but also our eyes to the complexity of neuronal and network behavior. The inhibitory opsins that have largely been used are pumps that actively change the internal milieu. For example, activation of NpHR will increase the internal chloride concentration and so depolarize the reversal potential for chloride (Alfonsa et al., 2015; Sørensen et al., 2017) . This could consequently lead to a post-treatment outflow of chloride from the cell, depolarizing the neuron, leading to rebound firing. In addition, the change in the chloride reversal potential will directly affect GABA(A) receptor mediated transmission, so that GABA(A) receptor currents could change from hyperpolarizing to depolarizing. An even greater problem, perhaps, is our incomplete understanding of the roles that interneuronal cell populations play in seizure initiation and maintenance. There is evidence that, within the focus, interneuronal activity can facilitate seizure initiation, possibly though synchronizing the network or contributing to local potassium accumulation (Sessolo et al., 2015) . In contrast, away from the focus, interneuronal activity can inhibit seizure spread (Sessolo et al., 2015) . The role of interneurons may also change during the seizure with early interneuronal activation halting the seizure but late activation having a paradoxical excitatory effect due to chloride accumulation within principal cells, prolonging seizure activity (Magloire et al., 2019) .
Together these problems will slow clinical translation but optogenetics is proving to be a critical tool in furthering our understanding of networks, seizures and epilepsy, and even if it does not directly translate into a therapy, it will certainly enable the development of novel approaches to the treatment of epilepsy.
Chemogenetics
Chemogenetics offers an alternative approach to designing a controllable gene therapy.
Chemogenetics is the introduction of an engineered receptor or channel into cells that selectively responds to a small molecule ligand. This technology falls into two broad categories -geneticallymodified G-protein coupled receptors or chimeric ligand-gated receptors. A confounder for clinical translation is the necessity to demonstrate safety of both the gene therapy and the small molecule.
One way to mitigate this ethical and financial hurdle is to repurpose a small molecule that is already used clinically and for which there would be ample safety data. This consideration is critical when we come to consider the technologies available.
Chimeric ligand-gated ion channels are exemplified by the pharmacologically selective actuator module/pharmacologically selective effector molecule (PSAM/PSEM) technology developed by Scott Sternson's laboratory (Magnus et al., 2011) . The receptor design takes advantage of the conserved pentameric structure of the Cys-loop family which includes nicotinic receptors, serotonin receptor 3, GABA(A) receptors and glycine receptors. The PSAM chimeric receptor consists of the extracellular domains of a mutated α7-nicotinic acetylcholine receptor subunit with the transmembrane and intracellular domains of another Cys-loop receptor -GlyR1 glycine receptor subunit for a receptor that is chloride permeable and 5HT3 serotonin receptor subunit for a receptor that is sodium-permeable. The α7-nicotinic acetylcholine receptor subunit is used, as the pharmacology and crystal structure of the acetylcholine binding site are very well characterised enabling the introduction of specific mutations to confer sensitivity to a selective ligand, termed the pharmacologically selective effector molecule (PSEM). So far, this technology has not been tested in epilepsy models and most of the PSEMs that have been well-characterised have significant offtarget effects at relevant concentrations and have not been used in humans. Recently a new PSAM has been developed that is sensitive to varenicline (Magnus et al., 2019) , a drug approved for smoking cessation; however, because varenicline itself is an α7-nicotinic acetylcholine receptor ligand it may not be completely free of side-effects. A further potential disadvantage of this approach is that the maximal response will depend upon the extent of PSAM expression within a neuron, so that low expression will likely lead to a low maximal effect. Moreover, the use of a PSAM permeable to chloride raises the concern of chloride loading, decreasing the efficacy of GABA(A) receptor mediated inhibition; also changes in the chloride reversal potential, which can occur during epileptogenesis (Miles et al., 2012) , may reduce the efficacy of the treatment.
A chemogenetic technology that has been tried in preclinical epilepsy models relies on a mutated muscarinic receptor developed by Bryan Roth and colleagues (Armbruster et al., 2007) . The generic term for this tool is Designer Receptors Exclusively Activated by Designer Drugs (DREADDs). The original DREADDs were derived from muscarinic acetylcholine receptors, in which the binding site for acetylcholine has been mutated so that rather than binding acetylcholine, the receptor binds a specific set of drugs. It is possible using this technology to design a receptor which will bind an otherwise biologically inert drug. DREADDs have been built around both the hM4D(Gi) inhibitory muscarinic receptor (Fig. 2) , and the hM3Dq excitatory muscarinic receptor (modifications of human muscarinic receptors). There is also a GsD excitatory DREADD, constructed from a Rat muscarinic receptor-turkey β1-receptor hybrid, and a DREADD based around the kappa-opioid receptor (Wess et al., 2013) . One potential advantage of this technology is that rather than using a ligand-gated channel, these are G-protein coupled receptors. If expressed at high levels, only a small fraction of the receptors need to be activated to have a maximal downstream effect (the so-called 'receptor reserve' phenomenon) (Wacker et al., 2017) . This means that ligands could potentially be used at very low doses. However, a separate challenge is that Gprotein coupled receptors can, over time, desensitize and thus show tachyphylaxis. This is mitigated to a certain extent by receptor reserve so that even if only a few receptors are available, they will still be sufficient for a significant biological effect. Reassuringly, baclofen, a GABA(B) receptor agonist that activates the Gi cascade shows sustained long-term efficacy when used to treat spasticity (Sammaraiee et al., 2019) .
We have tested inhibitory DREADDs in both acute and chronic seizure models, including an in vivo model of continuous motor seizure activity (Kätzel et al., 2014) , using a DREADD which responds to a low-dose of clozapine-N-oxide, a biologically inert metabolite of clozapine (a drug used in psychiatric disease in humans). We transfected excitatory neurons in the epileptic focus and showed that acute and chronic seizures were ameliorated when clozapine-N-oxide was given, but the gene therapy had no effect in the absence of the drug (Kätzel et al., 2014) . The advantage of this system is that the gene therapy is inert until the drug is given, so it is possible to turn the gene therapy "off and on". Moreover, the magnitude of the effect of the DREADD depends upon the dose of the ligand. It is therefore possible to titrate the dose of the drug to avoid any potential sideeffects of the DREADD but yet to optimise efficacy. Although promising, recent evidence has emerged that clozapine-N-oxide does not cross the blood-brain barrier and that the effect that we and other have seen is most likely due to back-conversion of clozapine-N-oxide into clozapine followed by transport of clozapine into the brain (Gomez et al., 2017; Manvich et al., 2018) .
Clozapine is far from optimal as a DREADD agonist, because in addition to its psychiatric effects, it is associated with agranulocytosis and is pro-epileptic in some patients (Ruffmann et al., 2006) .
We have, therefore, looked for other more appropriate ligands and have found that olanzapine, an antipsychotic which is significantly safer than clozapine, at very low doses can also activate the hM4D(Gi) DREADD, paving the way for clinical trials (Weston et al., 2019) .
DREADDs have also been shown to be effective in other epilepsies. Inhibitory DREADDs expressed in principal cells can suppress in vitro seizure activity in an organotypic hippocampal slice culture model of drug-resistant epilepsy (Avaliani et al., 2016) , and DREADDs used to silence neurons in the midline and laminar thalamus can suppress and in some animals stop amygdala kindled seizures (a model in which repetitive subthreshold stimulation of the amygdala leads to progressively lowered seizure threshold and more severe seizures) (Wicker and Forcelli, 2016) .
Others have shown that expressing the excitatory DREADD in inhibitory parvalbumin interneurons is also an effective strategy. In vitro studies have shown suppression of epileptiform activity in the hippocampus (Cǎlin et al., 2018) and in vivo studies have shown an inhibitory effect in the hippocampal kindling model and a significant reduction the number of spontaneous limbic seizures following in vivo injection of kainic acid into the hippocampi of mice (Wang et al., 2018) .
Lastly, in the same way that optogenetics has been used to determine mechanisms in epilepsy, recent work has demonstrated that DREADD-mediated suppression of newborn dentate granule cells can inhibit spontaneous recurrent seizures following pilocarpine-induced status epilepticus; DREADD-mediated activation of these cells increased the occurrence of spontaneous recurrent seizures (Zhou et al., 2019) .
Since human muscarinic DREADDs involve limited mutations in the ligand-binding domain of an endogenous protein, they are unlikely to have immunogenic potential. The receptor reserve phenomenon and the existence of ligands which can be easily repurposed make these approaches very attractive for clinical translation. Moreover, anti-epileptic efficacy and any adverse effects could in principle be traded off by titrating the dose of ligand. DREADDs are ideal for therapeutic approaches in which network excitability needs to be altered over long periods of time. However, the problems of using a drug to turn "off and on" a therapy is that an oral drug has to get absorbed and then enter the CNS before it can then have an effect. There is, therefore, a delay between giving the drug and its action. This means that the DREADD technology is ideally suited to chronic alterations of network excitability rather than targeting acute seizures. Nevertheless, seizures often cluster and a DREADD could also be used for rescue therapy after a single seizure to prevent seizure clustering or during a prolonged seizure to prevent status epilepticus. Moreover, with improvements in seizure prediction, it may be possible to use rescue therapies to prevent imminent seizures from occurring (Cook et al., 2013) . A further possible consideration is the observation that expression of DREADDs in peripheral c-fibers resulted in electrophysiological changes in second messenger signalling and neuronal properties in the absence of the ligand, possibly due to constitutive G-protein activation by the DREADD (Saloman et al., 2016) . However, these changes mainly resulted in reduced neuronal excitability, a desired effect. Moreover, we have not observed an effect of DREADD expression alone on rodent behaviour.
Self-regulating chemogenetics.
A chemogenetic approach that uses an endogenous ligand instead of a drug takes advantage of the glutamate-gated chloride channel, GluCl, present in invertebrates (including C. Elegans) (Cully et al., 1994) . This receptor is also a member of the Cys-loop family and is very different from mammalian ionotropic glutamate receptors. GluCl is sensitive to ivermectin, which is used clinically as an antiparasitic agent (Campbell, 2016) . The receptor is heteromeric comprising two subunits (GluClα and GluClβ), both of which need to be expressed to have a functioning channel (Slimko et al., 2002) . Introducing a mutation in the glutamate binding site of GluClα increases glutamate sensitivity by several orders of magnitude, so that it can detect micromolar concentrations of glutamate, which are found in the extracellular space (Frazier et al., 2013; Lieb et al., 2018) . When this 'enhanced GluCl' (eGluCl) receptor is expressed in excitatory mammalian neurons, it is not inserted into synapses and so does not detect glutamate release at the synapse during normal network activity (Lieb et al., 2018) . However, when network activity increases, glutamate escaping from multiple synapses overwhelms transporters and accumulates in the extracellular space where it is able to activate these receptors, inhibiting the excitatory neurons and so dampening down network activity (Fig. 3) (Lieb et al., 2018) . Thus, this receptor acts an endogenous closed-loop system. We have shown efficacy in acute and chronic seizure models, and also, importantly, that these receptors have no effect on normal function when expressed in the motor cortex (Lieb et al., 2018) .
A further potential advantage of treatment with eGluCl is that it is very sensitive to ivermectin, which acts synergistically with glutamate to activate the receptor and could in principle be used as add-on treatment. Although eGluCl is a very attractive option for chemogenetic treatment of epilepsy, one of the main translational hurdles, as with optogenetics, is that it relies on expression of a non-mammalian protein in the CNS. Also, although chloride accumulation is avoided as the receptors are only activated during excessive neuronal activity, the changes in chloride reversal potential in some epilepsies may make the therapy less effective. The same caveats that may limit the usefulness of chloride-permeable PSAMs mentioned above therefore apply.
Conclusion
Gene therapy represents one of the most promising ways to address the enormous unmet need represented by refractory epilepsy, especially when resective surgery is too great a risk.
Optogenetics and chemogenetics have the distinct advantage over permanent modulation of circuit excitability that the therapeutic effect can be adjusted or even made part of a closed loop system.
Of the available tools, DREADD-based inhibition is poised for clinical translation. Although eGluCl expression may remove the need for an exogenous ligand, uncertainties regarding the potential immunogenicity of the receptor would need to be addressed prior to clinical translation. Using the lock-andkey analogy of pharmacology, the gene therapy leads to the expression of an inhibitory receptor (lock), which is inactive until the ligand (key) is administered. (B) A widely used inhibitory DREADD is derived from the human M4 muscarinic receptor (hM4), with two amino acid substitutions making the receptor insensitive to acetylcholine (ACh) and sensitive instead to clozapine-N-oxide, olanzapine and a few other ligands. Activation of the receptor triggers a G-protein cascade that opens inward-rectifying potassium channels. This, together with inhibition of neurotransmitter release, results in suppression of circuit excitability.
Figure 3: Self-regulating chemogenetics: During normal synaptic activity (left) glutamate released from presynaptic boutons activates synaptic receptors. During pathological excessive activity, glutamate released from multiple active synapses overwhelms transporters. Glutamate spillover is then able to activate extrasynaptic inhibitory GluCl receptors, suppressing circuit excitability.
